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We discuss toy models where supersymmetry is broken due to a nonvanishing time-varying vacuum expec-
tation value of the inflaton field during preheating. We discuss the production of an inflatino, the superpartner
of the inflaton, due to vacuum fluctuations and then we argue that they do not survive until nucleosynthesis and
decay along with the inflaton to produce a thermal bath after preheating. Thus the only relevant remnant which
has any significance to be constrained from nucleosynthesis is the helicity 63/2 gravitinos.
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Inflation is perhaps one of the best paradigms of the early
universe which solves some of the nagging problems of stan-
dard big bang cosmology @1#. One of the consequences of
inflation is that it leaves the universe extremely cold, virtu-
ally devoid of entropy. Thus, the universe requires to be
reheated to a temperature at least more than O(MeV) to keep
the successes of big bang nucleosynthesis. Perhaps, one can
imagine that the universe reheats via the decay of the scalar
field whose potential has dominated the universe during the
inflationary regime. Inflation leaves the inflaton field ex-
tremely homogeneous except for the quantum fluctuations
produced during inflation. The perturbations keep their im-
print intact to match the observed anisotropy in the present
universe which is 1 part in 105 @2#. Once inflation ends, the
mass of the inflaton field dominates over the Hubble rate of
expansion, and the homogeneous inflaton field oscillates co-
herently around the bottom of the potential. If we assume
chaotic inflation with a massive inflaton field m and potential
V5m2f2/2, then during the coherent oscillations the aver-
age pressure of the universe within one Hubble time vanishes
over many oscillations. As a result the decaying energy den-
sity of the universe behaves as if it were in a matter domi-
nated era with rf5f˙ 2/21m2f2/2;a23, where a is the
scale factor of the expanding universe. After a couple of
oscillations the energy density in the scalar field redshifts
away in the same way as in the pressureless fluid but this
does not lead to a radiation dominated universe. To obtain a
radiation dominated era, the inflaton field has to decay to
other particles which will eventually lead to a thermalized
plasma with a finite temperature, usually known as the reheat
temperature of the universe. The inflaton decays when the
Hubble parameter H;Gf , where Gf is the decay rate. The
decay rate essentially depends on the kind of couplings the
inflaton has to other particles @3#. However, in between the
end of inflation and the beginning of the radiation era there
can be an explosive production of particles purely due to
nonthermal effects. This new wisdom has been realized in0556-2821/2001/64~2!/023516~9!/$20.00 64 0235Ref. @4#. This is due to the fact that the oscillations in the
inflaton field are extremely coherent and act as a Bose con-
densate fluid. So, in principle, one can study the quantum
fluctuations of the inflaton quanta as well as bosonic and
fermionic fields which are coupled to the inflaton field via
Yukawa, gauge, or nonrenormalizable couplings. Effec-
tively, the problem turns out to be quantizing the bosonic and
the fermionic fields in a time-varying inflaton background.
This leads to an explosive production of particles which does
not depend on the background temperature and it is purely an
offshoot of a nonperturbative analysis. The production of
bosons and fermions differs in its nature due to Pauli’s ex-
clusion principle, which prohibits excessive production of
fermions compared to their bosonic counterparts @5#. In this
regard, recently it has been realized that like fermions with
spin 1/2, other fermions with higher spin can also be created
from the vacuum fluctuations in a time-varying scalar back-
ground. In Ref. @6#, the authors have noticed that in spite of
Planck mass suppressed couplings of spin 3/2 particles to
other fields, it is possible to excite them due to vacuum fluc-
tuations. This has led to many consequences which we
briefly discuss in the next paragraph.
The spin 3/2 gravitino occurs in supersymmetric theories
as a superpartner of the graviton. A massive spin 3/2 has four
helicity states 63/2 and 61/2. Massless gravitinos only pos-
sess 63/2 helicity states. However, once supersymmetry is
broken, the gravitinos become massive, and they possess all
four helicity states. In the early universe supersymmetry can
be broken due to a nonzero vacuum contribution of the in-
flaton energy density. If the inflaton field is a scalar compo-
nent of a chiral multiplet, then spontaneous supersymmetry
breaking due to the F term leads to a nonzero expectation
value of the fermionic field @7#:
^0udjf˜ u0&5^2i]fj2eG/2Gfj&Þ0, ~1!
where j is the infinitesimal Grassmann odd parameter, f is a
scalar field responsible for inflation, f˜ is the fermionic com-
ponent of the inflaton in a single chiral field model, which©2001 The American Physical Society16-1
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low, and Gf is the derivative of the Ka¨hler function with






1lnS uWuM 3 D , ~2!
where we have assumed a minimal Ka¨hler function, W is the
superpotential, and M[M p /A8p is the reduced Planck
mass. Out of the two terms present on the right-hand side of
Eq. ~1!, we notice that the first term gives a nonzero contri-
bution during and after inflation, particularly during preheat-
ing. Therefore, the dynamical effects of the inflaton field
break supersymmetry.
Soon after it was realized that the helicity 63/2 states of
a massive gravitino can be produced nonperturbatively @6#, it
was shown that helicity 61/2 states of a massive gravitino
can also be produced from vacuum fluctuations @8#. How-
ever, they are more abundantly produced compared to that of
helicity 63/2 states. This can be easily understood in a
simple way. For the creation of particles from vacuum fluc-
tuations, the adiabaticity condition has to be broken which is
usually measured by the rate of change of a time-varying
frequency of a given momentum mode. For fermions the
frequency depends on an effective mass parameter. For ex-
ample, for helicity 63/2, the mass parameter is essentially
Planck mass suppressed. It has been noticed in Ref. @8# that
the helicity 61/2 states are massive due to the fact that they
absorb the mass of the fermionic component of the inflaton.
This statement is true for a single chiral case, and it has been
pointed out that for helicity 61/2 gravitinos, the adiabaticity
condition is broken much more strongly compared to that of
helicity 63/2 gravitinos @9–12#.
All these results obtained were interesting because the
gravitino plays a key role in a standard big bang cosmology.
If supersymmetry is required to solve the gauge hierarchy
problem, then, in gravity mediated supersymmetry breaking,
the gravitino gets a mass around O(TeV). Since their cou-
plings to other particles are Planck mass suppressed, the life-
time of the gravitino at rest is quite long, t3/2;M p
2/m3/2
3
;105(m3/2 /TeV)23 sec, @13#. We know that successful nu-
cleosynthesis depends on the baryon abundance: Y B(T
,MeV)[n3/2 /ng510210 @14#. The gravitino decay prod-
ucts can easily change this ratio. Their decay products such
as gauge bosons and its gaugino partners or high energy
photons can generate a large entropy which will heat up the
photons compared to t and m neutrinos. The abundance of
neutrinos essentially determines the 4He abundance. It was
first pointed out in Ref. @15# that the gravitino mass must be
larger than ;10 TeV in order to keep the successes of the
big bang nucleosynthesis. On the contrary, if the gravitinos
were stable and if their mass exceeded 1 keV, they could
easily overclose the universe in the absence of inflation @16#.
However, after the end of inflation the gravitinos can be
produced from the thermal bath and this constrains the tem-
perature of the thermal bath in order not to overproduce
them. At the time of nucleosynthesis the abundance is given02351in terms of the reheat temperature, Y 3/2(T,1 MeV)
;1022(T rh /M p) @17#. Thus, we see that there exists a strong
constraint on the reheat temperature, T rh<1010 GeV, in or-
der to maintain the baryon abundance of 1 part in 1010 during
nucleosynthesis. Since we know that nonperturbative cre-
ation of particles does not depend on temperature, it would
be difficult to constrain a general parameter other than the
model parameters. Hence, this leads to a natural suspicion
that perhaps nonperturbative production of helicity 61/2
gravitinos will cause a problem to nucleosynthesis.
The important point is that the inflaton has to completely
decay to give rise to a thermal bath with a reheat temperature
at least more than a O(MeV), and the fermionic component
of the inflaton, known as inflatino, inevitably decays along
with the inflaton. We know during the inflaton oscillations
that the helicity 61/2 states of the gravitino absorb the mass
of the inflatino, and they essentially behave as an inflatino
when the amplitude of the inflaton oscillations has consider-
ably dropped below M P . As a result they must also decay
along with the inflaton. As we shall see this argument is
quite robust and it should not depend if there were any other
source of supersymmetry breaking other than the inflaton
sector. During the preheating era of the universe it is quite
natural to think that the supersymmetry breaking due to the
energy denisty stored in inflaton oscillations is far the most
dominant source.
We will begin with the introduction of a supersymmetric
inflationary model with a single multiplet, and then we dis-
cuss the decay rates of the inflaton and the inflatino in two
models: namely, with Planck mass suppressed coupling and
with Yukawa couplings to the visible sector. We then estab-
lish an equivalence between the helicity 61/2 gravitino in-
teractions to its supercurrent to that of the inflatino interac-
tions in the supergravity Lagrangian when the amplitudes of
the inflaton oscillations are small compared to the Planck
mass. In the last section we give a qualitative discussion of
the gravitino decay when more than one chiral field is
present.
II. MODELS WITH A SINGLE MULTIPLET
For most of this paper we shall focus on models where
supersymmtery is broken by a single multiplet and also re-
sponsible for producing inflation in the early universe. Nev-
ertheless, to solve the low-energy ~i.e., electroweak scale!
supersymmetry breaking we may require some other sector,
which can be a hidden sector, which we shall not take into
account here. In our case the source of time-varying super-
symmetry breaking is the oscillations in the inflaton field f .
During these oscillations the fermionic partner of the infla-
ton, which we call here the inflatino, whose mass is equal to
the mass of the inflaton, is absorbed by the helicity 61/2
components of the gravitino to produce a massive gravitino.
It has been suggested by many authors in Refs. @9,10,12# that
in a limit when ufu,M p , it is possible to use the inflatino
mode equation to study the behavior of the helicity 61/2
states of the gravitino. This can as well be understood from
the point of view of an equivalence theorem ~ET!, which
demands that when the energy scale E@m3/2(t), the wave6-2
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approximately proportional to pm /m3/2(t), where pm is the
momentum of the gravitino and m3/2(t) is its time-varying
effective mass. However, there is a word of caution regard-
ing the validity of the ET in our calculation during oscilla-
tions of the inflaton. In principle, the time-varying mass of
the gravitino can be larger than the momentum during the
oscillations, or perhaps m3/2(t)}pm , and in both the cases
the ET cannot be trusted during the inflaton oscillations.
However, studying the inflatino mode equation is not futile,
because when the amplitude of the oscillations die down due
to the expansion of the universe, it is possible to identify the
high momentum Fourier modes of the inflatino with those of
the helicity 61/2 gravitino. Therefore, only in those regions
can we identify the inflatino to the helicity 61/2 gravitinos
~in a Fourier space!, and we can therefore identify the
Bogolyubov coefficients which are related to the number
density of the produced helicity 61/2 gravitinos. In this pa-
per we are going to argue that the ET can also be used to
study the decay of the helicity 61/2 gravitinos. However,
this means that by using the ET we shall be able to match the
coupling strength of the helicity 61/2 gravitinos to that of
the inflatinos. This we shall discuss in the coming sections.
A. Inflaton decaying via gravitational coupling
As a first example we consider a new inflation model
proposed in Ref. @18#. In this model the two distinct sectors
are the inflaton sector and the visible sector. These sectors
interact with each other only gravitationally and can be con-
sidered separately in the superpotential. The construction of
the inflaton sector demands that supersymmetry be restored
in the global minimum. While setting the cosmological con-







where D determines the scale of inflation. Here we have
denoted F as a superfield in the inflaton sector. The ampli-
tude of the density perturbations produced during inflation
by the inflaton, f , is fixed by the Cosmic Background Ex-
plorer ~COBE! scale, which constraints D/M’531023.
With this choice of superpotential, inflation occurs for f
!M ; the oscillations take place around the minimum of po-
tential f05M , with a frequency mf;D2/M . The scalar po-
tential derived from the above superpotential has a form






where we have assumed a minimal Ka¨hler function and we
consider the total superpotential to be
W tot5I1L , ~5!02351where L can be recognized as a visible sector which contains
the light degrees of freedom. Before we begin our discussion
on decaying inflaton, we mention some of the essential
points related to this model. The dominant coupling of the
inflaton to other light degrees of freedom can be read from
the potential, Eq. ~4!. Just by expanding the interference term
in Eq. ~4!, we notice that the inflaton field can decay only via
trilinear coupling to the scalars. This certainly prevents the
creation of such scalar fields via parametric resonance.
Hence, the decay of the inflaton is essentially perturbative in
nature. Under the condition mf.H , the decay rate of the
inflaton does not depend upon the curvature of the universe.
However, the inflaton field has a time-varying amplitude;
thus it is necessary to virialize the mean value of the field.
Otherwise, we may expand the inflaton field around its mini-
mum value M by assuming
f85f2M2fˆ ~ t !, ~6!
where fˆ is assumed to have a pure oscillatory part with an
amplitude much less than 1 in units of reduced Planck mass.
With the help of Eq. ~6!, it is easy to evaluate the interfer-
ence terms coming from the first squared term in the brackets
in Eq. ~4!. The leading order term in the expansion generates
trilinear coupling to the matter sector from L with a gravita-
tional strength ;D2/M 2, corresponding to a decay width
Gf;mf(D2/M 2)2. Since the mass of the inflaton is mf














is the relativistic degrees of freedom, then the




D 1/4~GfM !1/2’1021 D3M 2 . ~9!
For D/M;531023, the reheat temperature is around T r
;108 GeV.
With this introduction we may now turn our attention to
the decay of the helicity 61/2 gravitinos which are created
during the oscillations of the inflaton field from vacuum fluc-
tuations. We recall that gravitino production is completely
nonthermal, and we cannot associate their number density to
any particular thermal bath. We also notice that the mass of
the gravitino need not necessarily be that of a gravitino mass
around O(TeV). Especially, if the inflaton sector has a su-
persymmetric preserving minimum with a zero cosmological
constant, then the mass of the gravitino vanishes after the
end of reheating, provided there is no other source of super-
symmetry breaking in any other sector. However, the situa-
tion can be a little bit different if there exists other sources of6-3
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next section. In the present section we shall concentrate upon
the former case where we argue that whatever helicity 61/2
gravitinos are created during preheating shall have to decay
along with the inflaton to have a successful big bang
nucleosynthesis.1
The equation of motion for the helicity 61/2 gravitino in
a cosmological background has been derived in the literature
by using alternative approaches @8–12#. The important real-
ization is that when the amplitude of the oscillations is much
smaller than the reduced Planck mass, the equation of mo-
tion for the helicity 61/2 gravitino is effectively that of the
Goldstino in a global supersymmetric limit. For the single
chiral case the Goldstino is equivalent to the inflatino up to a
phase. Here we simply quote some of the useful formulas
which have already been established in Refs. @8,9,12#. The
evolution of the inflatino, which we define here as f˜ , is
given by @9#
ig0f˜˙ 2kˆ f˜ 2mefff˜ 50, ~10!
where kˆ 5g ik i , and ki are components of the physical mo-
mentum, while g i are the gamma matrices. The validity of
the above equation holds only in the global supersymmetric
limit.
When the amplitude of the inflaton oscillates, ufu!M , the
effective mass of the helicity 61/2 gravitinos, for a single
chiral field and after phase rotation of the helicity 61/2 grav-
itino field, is simply the mass of the fermionic component of





where I is the inflaton superpotential. For a simple superpo-
tential, Eq. ~3!, the effective mass for the helicity 61/2 grav-




1Here we would like to point out that even though we are consid-
ering the inflaton to be the only source of supersymmetry breaking
which might seem unrealistic at first, the analysis is much simpler
in this case and our arguments hold true even if there is another
source of supersymmetry breaking. It is possible to consider a Pol-
onyi sector which breaks supersymmtry in the hidden sector of the
theory but as we shall in the next section its mass contribution to
the mass of the Goldstino is very small and of the order of 1 TeV.
As a result the Goldstino mass is essentially dominated by the in-
flatino mass. In such a circumstance our present analysis of single
chiral fields is quite general, and as long as supersymmetry break-
ing due to the inflaton sector dominates over any other sector which
is quite normal to think, we can apply our results faily well. All that
we require is that the helicity 61/2 gravitino mass be essentially
contributed by the inflatino mass.02351which is the same as the mass of the inflaton @18#. On the
other hand, for the same superpotential the other helicity






M S f~ t !M D
2
, ~13!
where we have assumed that the visible sector L does not
contribute to the gravitino mass. This is quite apparent from
the above expressions, Eqs. ~12!, ~13!, that the mass of the
helicity 63/2 gravitinos is not only suppressed by the re-
duced Planck mass, but it also contains the time-varying am-
plitude of the oscillations, ;f(t), which becomes vanish-
ingly small near the bottom of the potential. This is quite
obvious because mass of the helicity 63/2 gravitinos is es-
sentially generated by the dynamics of the inflaton field, and
it must vanish when supersymmetry is restored at the global
minimum of the potential. Before we begin our discussion on
the decay of gravitinos, we compare different mass scales
with the Hubble expansion. For the superpotential, Eq. ~3!,
the Hubble parameter is given by H;(D2/M )@f(t)/M # .
This leads to a simple inequality in various mass scales
which we must bear in mind:
mf’m61/2.H.m63/2 . ~14!
B. Inflatino interactions
In this subsection we analyze the decay rate of the in-
flatino. We consider the following interaction which can be
found in the matter Lagrangian @7#:
udet eu21L52 12 e
G/2GiG jx¯ ix jL1H.c., ~15!
where Gi is the derivative of the Ka¨hler potential with re-
spect to left and right chiral components. We can fix the
index, i5f , corresponding to the inflaton sector. This leaves
the other index j to run on the chiral components of the
visible sector L. Now according to our previous discussion
on the inflaton decay, here again, we may assume that the
inflatino is decaying into particles and sparticles of the sector
L with an interaction of the form f˜ x jf j , where f˜ is the
inflatino, x j is the fermionic component, and f j is the
bosonic fields belonging to the sector L. The decay is essen-
tially mediated via the gravitational coupling strength
;D2/M 2. This corresponds to a decay width of the inflatino





This decay rate is the same as the decay rate of the inflaton.
The result is not surprising because the inflatino mass is
similar to the inflaton mass, and both interact gravitationally
to the visible sector particles. Now, if we argue that the he-
licity 61/2 states of the gravitino essentially behave as an
inflatino in a global supersymmetric limit, which corre-
sponds to demanding that the amplitude of the inflaton oscil-6-4
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helicity 61/2 gravitinos decay along with the inflaton into
visible sector particles. This is an important and generic con-
clusion which bears more attention. Our statement is only
true provided we believe in the equivalence between the in-
flatino and the helicity 61/2 gravitinos at late stages of the
inflaton oscillations, i.e., when Eq. ~14! is satisfied.
Intuitively, our result makes sense, because if supersym-
metry is restored at the bottom of the potential in the abso-
lute minimum, then only the 63/2 components of the grav-
itino should survive, and not the 61/2 components of the
gravitino. Thus, the helicity 61/2 states must decay along
with the inflaton decay. This situation could have been dif-
ferent if there were a hidden sector, which was responsible
for supersymmetry breaking at an intermediate scale, which
would then be communicated to the visible sector at low
scale. This we shall discuss in the last section. So far we
have studied only the inflatino interactions. However, to be
more concrete we must study the gravitino interactions
which we shall discuss in the next subsection.
C. Interactions of the gravitino
The gravitino interaction terms appear from the couplings




C¯ mD f* jgmx jL1 iA2M e
G/2GiC¯ mgmx iL1H.c.,
~17!
where m stands for the space-time index, x i is a fermionic
field, and f i is a bosonic field. Here the subscripts i , j cor-
respond to the visible sector L, which contains the light de-
grees of freedom. We have neglected the vector multiplets in
the above equation and assumed f to be homogeneous. The






where vmab is the spin connection.
It is to be mentioned that apart from the derivative cou-
pling of the chiral field to the gravitino, we have an extra
interaction term which is not usually considered otherwise.
In fact the interaction terms proportional to gmCm are usu-
ally not necessary in a static limit of the background field
~i.e., inflaton field!, because gmCm50 acts as a constraint
for a gravitino field in a static background. However, this
need not be true in a nonstatic background. It has been
shown that in an expanding universe and in a time-varying
inflaton background, 61/2 helicity states follow gmCmÞ0
@8#, although the same constraint continues to hold good for
the helicity 63/2 components of the gravitino in the same
background along with the Dirac equation @6#. Thus, both
terms in Eq. ~17! should be taken into account to study the
efficient decay of the gravitino. In this subsection we will
study the decay by assuming the validity of the equivalence02351between the helicity 61/2 states of the gravitino and that of
the inflatino at late stages of oscillations, i.e., when Eq. ~14!
is satisfied.
After several oscillations of the inflaton field ufu!M or,
equivalently, H!m . Note that under this condition, the ki-
nematics of the inflaton, such as decay rate, does not depend
on the curvature of the universe. As a result of this the decay
rate of the inflaton coincides with that of the flat space-time
limit. All the fields whose effective mass is larger than the
Hubble parameter during oscillations of the inflaton would
actually not feel any effect of curvature of the universe.
Since the effective mass of the helicity 61/2 gravitino is
similar to the mass of the inflaton and it is much larger than
the Hubble parameter, we can study their evolution by ne-
glecting the curvature of the universe. Therefore, we replace




1/2 ]mh , ~19!
where h represents the spin 1/2 fermionic field, which we
shall interpret as a Goldstino instead of an inflatino. At this
moment this prescription seems to be unwarranted, but we
shall see that this choice of derivative wave function leads to
interactions of the helicity 61/2 gravitino to that of the in-
flatino. This prescription has also been used in Ref. @9#. The
Goldstino is, however, related to the inflatino by a phase
factor, and it is expressed in Eq. ~27!. The above expression
is exactly the wave function of the helicity 61/2 gravitino in
terms of Goldstino in the limit when the energy scale of the
gravitino is larger than its effective mass. This expression
has been previously used in Refs. @19–21#, where the authors
have been studying the scattering processes of the helicity
61/2 gravitino in a limiting case when the energy scale of
the gravitino is larger than its mass in a flat space-time. Here,
again we have a similar situation where the helicity 61/2
gravitino does not feel the Hubble expansion; however, the
only difference is that now supersymmetry is broken due to
the oscillating scalar field rather than the static vacuum con-
tribution. This obviously makes the difference. Notice that
instead of the mass of the gravitino, m3/2;1 TeV, now we
have rf
1/2/M , this is precisely because of the reason we have
mentioned above; here supersymmetry is effectively broken
due to the presence of the finite energy contribution of the
inflaton field. The oscillations of the inflaton field also en-
sures that one has to include interactions which are also pro-
portional to gmCm. Another fact that the equation of motion
of helicity 61/2 gravitino is the same as that of the Golds-
tino for H!m , as indicated in Refs. @8,9#, further supports
our approximation. We reiterate that we shall always work in
the limit f/M!1.











mS 11g52 Dx1H.c., ~20!6-5
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We will use mx quite often to compactify our notation. In
fact the mass of the fermion need not be a constant and can
have a field dependence. We can simplify Eq. ~20! if we
follow the below mentioned identities for the Majorana
spinors:
h¯ gmx52x¯ gmh ,
h¯ gmg5x5x¯ gmg5h ,
h¯ g5x5x¯ g5h . ~22!
With the help of Eq. ~22!, we can derive an effective La-








F ~mwI2 2mx2 !w Ih¯ g5x1i ]mx]t w Ih¯ g0g5xG
1H.c.1total derivative, ~23!
where mwR denotes the real part of the light bosonic field wR
residing in the sector L. While deriving the above expression
we have neglected the time derivative of the energy density.
Equation ~23! can be further simplified if we assume that the
mass splitting between w and x is due to supersymmetry
breaking by the inflaton oscillations. To simplify the situa-
tion we will be assuming that the visible sector must contain








where L(w ,x) denotes the superfield, and terms in the ellip-
sis can contribute due to other possibilities in the superpo-
tential, which we shall not take into account here. Now we
will explicitly show that if the inflaton sector and the visible
sector interact gravitationally, then it is possible to derive an
effective inflatino Lagrangian which will have a similar cou-
pling to Eq. ~15!. To get the desired result we first need to
know the mass splitting between the fields of the visible
sector. To get the mass splitting we expand Eq. ~4!, with the
help of Eqs. ~5! and ~24!, while considering only the domi-
nant terms in the potential which is due to the interference




2/2M2K fM L K 1M ]I]f L mx , ~25!02351and a similar expression holds for mwI
2 2mx
2
, except for the




’K f˙M L K fM L mx . ~26!





1/2 S ig0 ]f]t 2ef2/2M2 ]I]f Df˜ , ~27!
where the inflatino is represented by f˜ . Here we have ex-
plicitly used the fact that the dynamics of the inflaton is
breaking supersymmetry. In Eq. ~27!, we have only retained
the leading order terms and neglected O(1/M 2) terms. Now,







M 2 w If
˜
¯ g5x1H.c., ~28!
where we have used the identity g0†5g0 and the fact that
the following relation holds:
S 2ig0 dfdt 2ef2/2M2 ]I]f D S ef2/2M2 ]I]f 2ig0 dfdt D52rf .
~29!
Now it is interesting to note that Eq. ~28!, up to leading







which is the inflatino coupling in Eq. ~15!. While deriving
the above expression we have assumed Eq. ~21!. This clearly
indicates that at late time of the inflaton oscillations when we
recognize the helicity 61/2 component of the gravitino as a
Goldstino, we essentially get a similar coupling to the visible
sector as that of the inflatino. This is the most important
equivalence which establishes the fact that, since for any
successful inflationary model the inflaton has to decay and so
does the inflatino, the helicity 61/2 component of the grav-
itino must also decay if the inflaton oscillation is the only
viable source of supersymmetry breaking at that time. Our
result is strictly correct for a single chiral field responsible
for supersymmetry breaking. A further generalization to
multi-chiral-field supersymmetry breaking is more involved
and we leave this for our future investigation.
Now, we move to a toy model where the inflaton sector
and the visible sectors are coupled via Yukawa couplings.
We will establish a similar result as we have already ob-
tained in this section.
D. Model with a Yukawa coupling to the inflaton
As a second example we consider a model with the fol-
lowing superpotential:6-6








where F contains the inflaton field, which is responsible for
the slow-roll inflation. However, now the inflaton field has
an explicit Yukawa coupling to the matter sector given by
the second term in Eq. ~31!. Such a coupling will enable the
inflaton to decay much more efficiently. Such a superpoten-
tial leads to interaction terms hmfss , hfs˜ s˜ , hf˜ s˜ s ,
where f is the inflaton field, f˜ is the inflatino, s is a light
bosonic field, and its fermionic partner has been denoted by
s˜ . The estimated rate of the inflaton decaying to fermionic
component s˜ is given by Gf;(h2/8p)m .
In general the Yukawa coupling between F and S mul-
tiplets can also result in the oscillations along the s field. If
the s field eventually decays into other products much be-
fore the oscillations in s commence, then it can still be a
viable model to imagine that supersymmetry is broken by the
inflaton field only. But in general, this may lead to a more
complicated situation where supersymmtery is broken by
several multiplets. However, it is possible to prevent this
provided we require that the f-induced mass to the s field
be much smaller than the Hubble expansion, i.e., hf,H ,
which implies h,m/M . We note that this will also ensure
that s and s˜ are not produced via parametric resonance. A
viable choice of parameters which can lead to an inflationary
paradigm for the f field in a quadratic potential are m
51013 GeV and a small Yukawa coupling h51027, which
ensures that at late stages of the inflaton oscillations, f/M
<10214, the inflaton is decaying perturbatively. Following
our previous discussion, again, we argue here that since the
inflatino mass is the same as that of the mass of the inflaton
and if the helicity 61/2 component of the gravitino is rec-
ognized as the inflatino at late stages of the inflaton oscilla-
tions, then they must decay to s or s˜ via a Yukawa cou-
pling.
So far, we have been looking upon direct inflatino cou-
pling to s and s˜ . However, we may now repeat the same
analysis as we have shown earlier that indeed the helicity
61/2 component of the gravitino has a similar coupling as
that of the inflatino by using the equivalence theorem. The




where S and F are the superfields denoted in Eq. ~31!. The
mass of the fermion in this model is given by ms˜
’ef
2/2M2h^f&. Following our earlier argument we can find





’h K ]I]f L , ~33!




, which differs from the above by a02351negative sign. While deriving Eq. ~33!, we have neglected
the Planck mass suppressed contributions which would any-
how be insignificant at late times. The analogue of Eq. ~26!
can be expressed as
]ms˜
]t
’h K ]f]t L , ~34!
and one can also derive an effective Lagrangian with the help
of Eqs. ~23!, ~29!, ~33!, and ~34!, which yields
Leff;h~sRf˜¯ s˜ 1is If˜¯ g5s˜ !1H.c., ~35!
where the inflatino is denoted by f˜ . After some calculation it
can be shown that Eq. ~35! actually leads to an expression
Leff;hs*f˜¯ s˜ R1H.c. ~36!
This reinforces our earlier claim that the equivalence be-
tween the helicity 61/2 gravitino and the Goldstino is viable
at late times of the inflaton oscillations. This equivalence is
not only important for studying the production of the helicity
61/2 components of the gravitino, but also describing the
decay of the helicity 61/2 gravitinos.
So far, we have not spoken any word about the other
helicity states of the gravitino, namely, 63/2. The reason is
it is extremely difficult to study their decay, precisely be-
cause the mass of the helicity 63/2 is solely due to the
dynamics of the inflaton field @6#. Their effective mass is
Planck mass suppressed, and also depends on the amplitude
of the oscillations of the inflaton field. This leads to an ob-
vious result that if there is no other source of supersymmetry
breaking other than the inflaton oscillations, then the effec-
tive mass for the helicity 63/2 component should vanish at
the end of reheating. It is difficult to make a precise calcu-
lation for the decay of the helicity 63/2 gravitinos. How-
ever, we believe that their survival does not depend on the
inflaton decay as they have no Goldstino nature. Next, we
discuss qualitatively what would happen if hidden sector su-
persymmetry breaking is also taken into account.
III. MODELS WITH SEVERAL MULTIPLETS
Once we invoke more than one sector and treat them at an
equal level, the problem of gravitino production becomes
more complicated. This problem has been addressed in Refs.
@9,11,12# to some extent, and yet there is a lot to be under-
stood in this direction. In this case it has been realized that
the Goldstino is a linear combination of all the fermions, and
as a result, even if we use the Goldstino-gravitino equiva-
lence, we cannot in general guarantee that a major contribu-
tion to the Goldstino mass comes from the fermionic com-
ponent of the inflaton. There are some interesting cases
where the multifield case can be expressed as a single field,
such as the supersymmetric hybrid inflation model where
effectively the two fields behave as if there were a single
degree of freedom @11#. In such a model it is possible to
extract the Goldstino mass, which is again of the order of the
inflaton mass. One can then discuss the decay rate of the6-7
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light degrees of freedom would exactly be the same as that of
the inflaton. An interesting question would be to address the
problem where there exists a hidden sector which is respon-
sible for supersymmetry breaking in that sector and also re-
sponsible for mediating supersymmetry breaking gravitation-
ally to the observable sector. In such a case the gravitino will
have an effective mass ;O(TeV) at a low-energy scale. So
keeping this in mind, we may consider a simple toy model





2@Z1~22A3 !M # , ~37!
where F and Z are inflaton and Polonyi multiplets, respec-
tively. We assume that the f field is responsible for inflation,
so we set m151013 GeV to produce adequate density pertur-
bation, while setting m251011 GeV for giving an effective
mass to the gravitino around O(TeV). An interesting discus-
sion regarding this model has been sketched in Ref. @12#.
A serious difficulty which immediately arises is that one
derives a set of coupled equations for the helicity 61/2 grav-
itino and other fermionic degrees of freedom @9,12#. It has
been shown in Ref. @12# that in a global supersymmetric
limit, this set of equations is reduced to a coupled set of
equations for the Goldstino and the transverse combination
of the fermions. This suggests that there exists a mixing be-
tween the Goldstino and the transverse combination of the
fermions. As a result one cannot describe the Goldstino in a
mass eigenstate, and thus it is also difficult to estimate the
evolution of their number densities. There are many techni-
cal difficulties because there are essentially two time scales
in the problem. The first one is related to the fact that the
effective mass scale of the bosons oscillating and exciting
the fermionic modes, and the other one is related to the mix-
ing between the Goldstino and the transverse combination of
the fermions ~for details, we refer the reader to Refs. @9,12#!.
In general one can derive a relationship between the two time
scales, but this is a nontrivial task and we do not have
enough tools to address this problem.
For the above superpotential, Eq. ~37!, the inflaton and the
Polonyi sectors have only gravitational interactions. The fer-
mionic components f˜ and z˜ have masses m1 and zero, re-
spectively, in the global supersymmetric limit. The Goldstino
in this model is a linear combination of fermionic compo-
nents from both sectors. As long as the energy density is
dominated by the inflaton field, the helicity 61/2 gravitinos
essentially behave as an inflatino, because the mass contri-
bution to the Goldstino from the Polonyi sector is much
smaller, ;O(TeV). This particular case is quite interesting
and we can analyze the decay of the gravitino by assuming
that the gravitinos are created from vacuum fluctuations due
to inflaton oscillations, whose energy density is dominating
the universe. The helicity 61/2 gravitinos produced during
preheating will essentially decay because they are essentially
the inflatino components and so their couplings are deter-
mined in the same fashion as that of the inflaton.
However, the energy density in the inflaton sector is de-
creasing in time, and when the Hubble expansion ;H02351,O(TeV), the z˜ component dominates the Goldstino. Usu-
ally, the mixing between the inflatino and z˜ is minimal and
the Planck mass suppressed, so the fermions which are pro-
duced during preheating will decay again in the form of in-
flatinos and cause no trouble for nucleosynthsis, yet there is
a finite probability to mix the fermionic states and conver-
sion of the inflatino to the fermionic partner of the Polonyi
field, although we shall not discuss this possibility in this
paper. One can also imagine that the oscillations in the
Polonyi sector are also induced at H’O(TeV). Once the z
field starts oscillating, one might expect that supersymmetry
is broken by oscillations in the z direction also, and as a
result gravitinos can as well be excited. One may also sus-
pect that late production of the helicity 61/2 gravitinos will
dominate and the problem of gravitino decay still persists.
The suspicion is not fully correct because the number density
of helicities 61/2 and 63/2 is more or less equal now. This
is because the superpotential contribution to the mass of the
fermionic component of the Polonyi field is very small,
;O(TeV), and the only time-varying scale is due to the
time-varying mass of the gravitino, ;ezz*/2M
2
uWu/M 2. The
presence of the Planck mass suppression prohibits the explo-
sive production of gravitinos at late times, so especially in
the model we have considered, late time production of helic-
ity 61/2 cannot be very abundant. But now the problem
could be much more severe, because these gravitinos with
both helicities are produced much later, and their effective
masses are also very small roughly of the order of 1 TeV.
This leads to an extremely slow decay rate of these graviti-
nos which may cause a problem to the big bang nucleosyn-
thesis. This picture is similar to the late production of grav-
itinos discussed in Ref. @22#. Furthermore, the oscillating
Polonyi field leads to an even more serious problem, i.e., the
moduli problem, of which there is no satisfactory way out.
Finally, we mention and also point out in Ref. @12# that if
the fermionic components mix freely, the inflatinos can be
converted to z˜ ~which is the field eventually absorbed by the
gravitino!. This presumably occurs around the time when
contributions to supersymmtery breaking from the inflation
sector and the Polonyi sector become comparable. This prob-
lem is an analogue to neutrino flavor conversion and the
relevant question is to ask what is the conversion probability.
As mentioned, we believe that an effcicient conversion will
not take place for the Polonyi model. An efficient conversion
nevertheless results in a large abundance ~i.e., comparable to
the abundances which are produced during preheating! of z˜
fermions, on top of what is produced due to oscillations of
the Polonyi field.2 We notice that if the inflatino decays be-
fore H’O(TeV), then the abundance of inflatinos prior to
conversion will decrease, leading to a smaller abundance for
z˜ ~and consequently helicity 61/2 gravitinos! even after an
efficient conversion. A quantitative analysis is beyond the
scope of this paper and we leave that for future investigation.
2This is the abundance of z˜ fermions which will eventually deter-
mine the abundance of helicity 61/2 gravitinos.6-8
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Our main result of this paper is to show that inflatino
coupling to the matter field is similar to that of the helicity
61/2 gravitinos. This merely confirms that the gravitino in-
teraction with the supercurrent actually leads to the same
interactions as that of inflatinos when the amplitude of the
inflaton oscillations is small, ufu!M , under the assumption
that the helicity 61/2 component of the gravitino behaves as
a Goldstino for a momentum larger than the gravitino mass
in a time-varying background. Then we have argued that the
production of helicity 61/2 states of the gravitino, especially
for models where supersymmetry breaking scale is domi-
nated by the inflaton energy scale, cannot be considered as a
threat to nucleosynthesis. Their overproduction can be easily
understood from the presence of a second derivative of the
superpotential with respect to the superfields in the equation
of motion for the helicity 61/2 gravitinos. This gives rise to
an effective mass for the helicity 61/2 gravitinos, which is
equivalent to the mass of the fermionic component of the
inflaton, known as the inflatino. This statement is true only if
the inflaton sector has a single multiplet. In some sense he-
licity 61/2 states absorb the mass of the Goldstino, which is
related to the inflatino by an appropriate phase. These states
remember their Goldstino nature and this is the reason why
they are produced very efficiently compared to the helicity
63/2 states. In this paper we have argued that the same
Goldstino nature comes to rescue the late decay of the helic-
ity 61/2 gravitino. It has been argued by many authors that
the helicity 61/2 gravitinos effectively behave like Goldsti-
nos just after a couple of inflaton oscillations. This together
with a requirement that the inflaton must decay to give a
successful nucleosynthesis leads to an efficient decay of the
Goldstino or the helicity 61/2 gravitinos. Thus, they must02351not survive until nucleosynthesis, and hence they should not
be considered as a threat to nucleosynthesis. This argument
holds perfectly well for a single chiral field where the Gold-
stino is the inflatino with some additional phase. However,
extension of this argument to some models where there are
more than one sector of supersymmetry breaking can be
made applicable, provided the supersymmetry breaking scale
is still dominated by the inflaton energy density. Such a situ-
ation can arise if there exists a Polonyi field in the hidden
sector, which we have briefly discussed. However, we still
lack complete formal tools to explore all possibilities such as
mixing between the fermionic components of the inflaton
sector and the Polonyi sector. This can in principle change
the abundance of the helicity 61/2 component of the grav-
itinos and a detailed study is certainly required in this direc-
tion.
It is important to note that the above discussion does not
apply to helicity 63/2 gravitinos. The production of these
states during preheating is always Planck mass suppressed
and their existence is also independent of the Goldstino, so
they decay quite late. As a result of the time-varying nature
of their masses, it is always hard to estimate their decay rate.
It is also true that the helicity 63/2 states are in general
produced in less abundance than helicity 61/2 states; how-
ever, their abundance cannot be neglected as pointed out in
Refs. @6,11#. For a single multiplet they are the only genuine
threat to big bang nucleosynthesis.
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